Oxidation state is a sensitive indicator of geochemical processes within the upper mantle. Here we report results of a regional study of the oxidation state of spinel peridotite xenoliths from 45 volcanic centers distributed over $20 000 km 2 in the Massif Central, France. The Álog fO 2 values relative to the fayalite^magnetiteq uartz oxygen buffer (FMQ) were determined from the equilibrium between the Fe-bearing components in olivine, orthopyroxene and spinel, with the Fe 3þ content of spinel measured either by Mo« ssbauer spectroscopy or by electron microprobe using secondary spinel standards. For the entire suite of samples, Álog fO 2 values range between FMQ^0Á47 and FMQ þ1Á66. Our data confirm the presence of two distinct lithospheric mantle domains, previously reported in the literature, lying north and south of 45830' N, respectively. The northern domain, with its refractory bulk composition, tends to record more oxidized conditions, having Álog fO 2 values mostly at or above FMQ þ1. The Álog fO 2 in the southern domain is more variable, including values below FMQ. Assuming that increasing equilibration temperatures among xenoliths reflect increasing depths of origin, samples from the northern domain suggest that the shallower part of the subcontinental lithospheric mantle (SCLM) is somewhat more oxidized than at deeper levels. On the other hand, such a general observation cannot be made for the southern domain. The high Álog fO 2 values of harzburgites suggest that they are more sensitive to resetting of their oxidation state by metasomatism than lherzolites. In terms of modally metasomatized xenoliths, the 'melt' leading to the addition of clinopyroxene apparently had a higher oxidation state (Álog fO 2 4FMQ þ1) than the agent responsible for crystallization of amphibole (Álog fO 2 $ FMQ þ 0Á6). Furthermore, amphibolebearing and amphibole-free peridotites exhibit the same range in fO 2 . Cryptic metasomatism can also reset oxidation state, sometimes very effectively. Metasomatic processes are probably the reason why the xenolith suite from the Massif Central records relatively high Álog fO 2 values compared with 'normal' non-cratonic SCLM. This study demonstrates the utility of using oxidation state to help characterize and delineate domains in the lithospheric mantle.
I N T RO D UC T I O N
The oxidation state of the Earth's upper mantle has been intensively investigated and discussed over the last 25 years (e.g. Frost & McCammon, 2008) . The importance of this parameter is partly due to the fact that the speciation of volatiles (i.e. C^O^H fluids) is a direct function of the prevailing oxygen fugacity (fO 2 ), thus influencing many geochemical processes such as partial melting, degassing of the Earth, diamond formation and metasomatism (e.g. Ballhaus & Frost, 1994) . Metasomatic interactions in the subcontinental lithospheric mantle (SCLM) are frequently observed to produce an increase in fO 2 (e.g. Mattioli et al., 1989; Woodland et al., 1992 Woodland et al., , 1996 Woodland et al., , 2006 Ballhaus, 1993) , although this is not always the case (e.g. Chen et al., 1991) . It is apparent that, although the fO 2 of a rock can preserve a signature reflecting its past history, more recent 'event(s)' can reset this parameter (e.g. Woodland et al., 2006) . Thus, regional variations in oxidation state can be used to help assess the extent of metasomatic interactions and delineate regions of the mantle that have experienced different (or similar) geochemical histories.
Tertiary and Quaternary volcanism in the French Massif Central has sampled the underlying SCLM in the form of xenoliths over a wide geographical area ($20 000 km 2 ). Such an extensive distribution of peridotite xenoliths provides a unique opportunity to investigate regional variations in mantle structure and composition, including oxidation state. In general, the bulk composition of the SCLM ranges from lherzolite to harzburgite, implying that partial melting and melt extraction processes are important. The occurrence of additional phases such as amphibole or phlogopite, or different bulk compositions such as wehrlite and pyroxenite, are indicators of further processes that have chemically modified the SCLM after its stabilization. In addition, other peridotite samples have experienced 'cryptic' metasomatism, as revealed by enrichments in trace elements [e.g. light rare earth elements (LREE), Sr] and/or modification of isotopic signatures (e.g. Zangana et al., 1997; Lenoir et al., 2000b; Downes et al., 2003) .
Textural and geochemical studies of mantle-derived xenoliths suggest the existence of two distinct domains in the SCLM beneath the Massif Central that were amalgamated during the Variscan orogeny (Lenoir et al., 2000b) . The boundary between the two mantle domains appears to run approximately east^west at 45830'N (Lenoir et al., 2000b; Downes et al., 2003) . The domain to the north is generally more refractory, but has undergone a pervasive re-enrichment of LREE. In contrast, the southern domain has a more juvenile (less depleted) composition but is less enriched or is even depleted in LREE. For example, these two domains exhibit differing signatures in terms of their Ce/Sm, Eu/Yb, Nb/Ta and Zr/Hf ratios (Lenoir et al., 2000b) . In addition, different types and degrees of metasomatism are apparent across the Massif Central.
In this context, the different histories of these two juxtaposed SCLM domains may also be reflected in their oxidation state, with local variations also to be expected owing to metasomatic interactions. Therefore, we have undertaken a study to investigate the oxidation state of the SCLM beneath the Massif Central over the widest geographical area possible and to determine if these two juxtaposed mantle domains record different oxidation states. In addition, we sought to assess how oxidation state might have been influenced by metasomatic processes and how this parameter can be used to place further constraints on lithospheric evolution in general and more specifically on that of the European SCLM.
T H E M A S S I F C E N T R A L A N D T H E S C L M
The Massif Central constitutes one of the largest exposures of crystalline basement rocks in Western Europe that owes its origin to the Variscan orogeny. These rocks were subsequently affected by the development of the European Cenozoic rift system, which produced the Limagne Graben among other structures ( Fig. 1 ; Merle & Michon, 2001) . The Massif Central is marked by the presence of numerous Tertiary^Quaternary volcanic fields and isolated volcanoes. This volcanic activity commenced in the Late Eocene and continued through to the Holocene (Maury & Varet, 1980) and involved the eruption of predominantly alkali basalts and basanites (Wilson & Downes, 1991) . The different fields were active over different discrete periods of time ( Fig. 2 ; Maury & Varet, 1980; Briot & Harmon, 1989) . Inspection of Figs 1 and 2 reveals no correlation between eruption age and geographical location (for example, the youngest activity is found not only in the north, near Clermont-Ferrand, but also in the Vivarais field, $150 km to the SE). During some periods, more than one field was active (see Fig. 2 ). Whether or not the tectonic activity and volcanism of the Massif Central is related to a rising mantle plume is still open to debate. Granet et al. (1995) and Sobolev et al. (1997) presented some compelling geophysical evidence for uplift of the lithosphere^asthenosphere boundary, which supports the existence of a plume. In contrast, Merle & Michon (2001) suggested that the major stage of volcanism that began $14 Myr ago could have been related to thermal erosion of the lithosphere. In any case, there is ample evidence for magmas having traversed the uppermost mantle and crust over a time span of more than 25 Myr. This provides numerous opportunities for melt^rock interaction to have taken place, potentially modifying the compositional character of the lithospheric mantle. Such effects are over and above those geochemical processes that may have occurred since the Variscan-age amalgamation of the SCLM beneath the Massif Central (Lenoir et al., 2000b; Wittig et al., 2006) .
S A M P L I N G
As this is a regional study, we have endeavored to obtain xenolith samples over the widest possible geographical area. Samples were investigated from 45 volcanic centers spanning an area of $20 000 km 2 (Fig. 1) . The localities are distributed over a total of 12 volcanic fields that were active during periods from 20 Ma to recent times (Fig. 2) . Although no systematic correlation between eruption age and geographical location is apparent, the xenolith-bearing localities in the northern domain tend to be older than 4 Ma, except for the Puy de Beaunit locality, which is significantly younger (54 AE7 ka; Boivin et al., 2009) . Fig. 1 . Geological sketch map of the Massif Central illustrating the major volcanic fields. Also shown are the locations of the studied samples along with the 45830'N boundary between northern and southern mantle domains as defined by Lenoir et al. (2000b) . Abbreviations for volcanic centres: Ac, Alleyrac; As, Alleyras; AV, Aurelle^Verlac; B, Burzet; CB, Cre" te de Blandine; CH, Les Champs; CN, Cha" teau Neuf; A total of nine localities lie within the northern domain. Depending on the type of eruptive center, the xenoliths were collected from lava flows, cinder cones or maar deposits. Sample selection was predicated on macroscopic observation of textures and xenolith size (45 cm). Even in the field, different textural types could be identified, from coarse-grained isotropic textures to fine-grained textures with variable degrees of foliation development.
A total of 120 xenoliths were investigated for their oxidation state. A subset of the samples was previously characterized petrologically and geochemically in the studies of Werling (1994) , Zangana (1995) , , Zangana et al. (1997) and Downes et al. (2003) . This provided us with a limited amount of geochemical data from which we could make a first assessment of the relationship between metasomatism and oxidation state. This included the Ray Pic locality (RP in Fig. 1 ), from which 17 samples with different textures and trace element signatures were previously described by Zangana et al. (1997) .
T H E P E R I D OT I T E S
Except for one wehrlite sample (RP87-7), all the investigated xenoliths are spinel-bearing lherzolites and harzburgites. Because clinopyroxene contents are generally low and variably distributed, we did not consider that point counting of thin sections would accurately reflect the modal mineralogy for distinguishing between harzburgites and lherzolites. Instead, we applied the following criteria: harzburgites generally contain olivine with forsterite contents X fo 40Á91 and coexisting spinel with Cr 2 O 3 ! 22 wt %. Using the nomenclature of Mercier & Nicolas (1975) , the xenoliths were further classified into three main textural groups: protogranular, porphyroclastic and equigranular. A secondary recrystallized texture (complex protogranular or complex porphyroclastic) was also observed in a few samples from three localities [Puy de Beaunit (PB), Sauterre (ST) and Le Cheix (LCx); see Fig. 1 ]. These samples are all from the northern domain and are harzburgites. Mercier & Nicolas (1975) considered these textural types to be linked, so that one texture can develop from another through deformation. The degree of deformation increases from protogranular to equigranular textures and is attended by a significant reduction in grain size. A crude foliation defined by linear concentrations of spinel is observed in most samples with equigranular textures. The samples investigated in this study most commonly exhibit protogranular or porphyroclastic textures or are transitional between these two textures (protogranular 46%, protogranular^porphyroclastic 25%, porphyroclastic 17%, porphyroclastic^equigranular 7%, equigranular 4%). Thus, the majority of our samples are only weakly deformed, if at all.
Some protogranular samples exhibit pyroxene^spinel clusters that are considered to be a characteristic of this textural type (Lenoir et al., 2000b) . Such clusters occur particularly in samples from northern domain localities such as Puy de Beaunit (PB), Montboissier (MB) and Les Champs (CH). In the southern domain, only one protogranular sample with pyroxene^spinel clusters was identified from Ringue (Ri-D). It is considered that these clusters result from the decompression reaction of garnet þ olivine during mantle upwelling to produce the clinopyroxene þ orthopyroxene þ spinel assemblage (Nicolas et al., 1987) .
Spinel always occurs as a subordinate phase in the peridotites and can either have a similar grain size to the coexisting silicates or be finer grained and occur interstitially. Spinel usually has an irregular grain shape with either vermicular (Fig. 3a and b) or 'holly leaf ' form ( Maury & Varet (1980) and Nehlig et al. (2003) ]. and d). In other cases, it occurs as very small ($0Á2 mm) subhedral to anhedral grains and can define a foliation in equigranular samples. Although grain shape varies with texture, as observed by Mercier & Nicolas (1975) , more than one spinel type can occur in a single sample, especially for those with transitional textures.
Minor amounts ( 2%) of brown amphibole occur in a few lherzolite xenoliths, particularly from the Deve' s, Velay and Vivarais volcanic fields of the southern domain. Although amphibole and/or phlogopite has been reported in xenoliths from northern domain localities (Downes & Dupuy, 1987; Wilson & Downes, 1991; Yoshikawa et al., 2010) , only one sample in our suite from Puy de Beaunit (PB) contains minor amphibole (sample 53A-LU6). Amphibole occurs predominantly in peridotites with protogranular or protogranular^porphyroclastic textures. In samples from L'Estrade (LEs in Fig. 1 ), amphibole is associated with spinel and has the same grain size as the coexisting anhydrous mineral phases. Otherwise, it occurs as small, dispersed interstitial grains not necessarily associated with spinel.
A NA LY T I C A L T E C H N I Q U E S Major elements
Major element compositions of each of the minerals (spinel, olivine, orthopyroxene, clinopyroxene and amphibole) were determined with a JEOL JXA-8900 superprobe at the Universita« t Frankfurt am Main. Operating conditions were 15 kV accelerating voltage, beam current of 20 nA and a 3 mm spot diameter. Data were collected in wavelength-dispersive mode with normal counting times of 20^40 s on the peak and 15^40 s on background (depending on element) and using a mix of natural and synthetic standards. Measurements were made on thin sections or polished grain mounts. The data are reported in Supplementary Data Electronic Appendix 1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org).
Determination of Fe 3þ /AEFe in spinel
For the most part, the Fe 3þ content of spinel was determined by 57 Fe Mo« ssbauer spectroscopy at the Universita« t Frankfurt am Main. Handpicked mineral separates (26 mg) were first washed in HF ($24 h) and dilute HCl ($5 h) to remove any silicate material or secondary magnetite from the grain boundaries. Each clean separate was ground under acetone, mixed with a small amount of sugar and packed into a pre-drilled hole in a 1mm thick Pb disc that was subsequently closed on both sides with tape. The sample diameter was calculated so that absorber thicknesses remained 5 mg Fe cm À2 to avoid potential saturation effects (Woodland et al., 2006) . Mo« ssbauer spectra were obtained at room temperature operating in transmission and constant acceleration mode with a nominal 50 mCi 57 Co source in a Rh matrix. Calibration of the velocity scale was carried out relative to 25 mm thick a-Fe. Mirror-image spectra were collected over 512 channels using a velocity range of AE5 mm s
À1
. Spinel spectra are composed of two broad absorption peaks ( Fig. 4a and b) and were fitted following the spectral model described by Woodland et al. (2006) by microprobe using a set of secondary spinel standards following the procedure outlined by Wood & Virgo (1989) and is indicated in Table 1 . Corrections to the stoichiometrically calculated value of Fe 3þ / P Fe ranged from þ0Á02 (underestimated) to À0Á07 (overestimated), the differences being apparent between microprobe sessions. Thus, although stoichiometrically calculated Fe 3þ / P Fe for spinel has the potential to yield reasonable results (see also Canil & O'Neill, 1996) , small day-to-day differences in the microprobe calibration can lead to systematic errors that will arbitrarily bias samples measured during a given session. These systematic errors would go unnoticed if no secondary standards were employed as a check. This approach does have somewhat larger errors in Fe 3þ /AEFe compared with measurements made by Mo« ssbauer spectroscopy (AE0Á025; Woodland et al., 1992 Woodland et al., , 1996 .
M AJ O R E L E M E N T C H E M I ST RY Olivine
Forsterite contents range from X fo ¼ 0Á887 to 0Á919 in our suite (except for sample 73-LU1 with X fo ¼ 0Á877; Table 2 ). Olivine is compositionally homogeneous in a given sample with variations in forsterite content only very rarely exceeding 0Á0015. Ni concentrations range from 0Á005 to 0Á009 cations per formula unit (c.p.f.u.), regardless of whether the xenolith is a harzburgite or lherzolite. These concentrations are typical for mantle-derived peridotites (e.g. McDonough & Rudnick, 1998) .
Orthopyroxene
Orthopyroxenes are all Al-and Fe-rich enstatite with X Mg ranging between 0Á88 and 0Á92. The values are similar to those for coexisting olivine, and suggest equilibrium partitioning of Fe and Mg between these two phases (e.g. von Seckendorf & O'Neill, 1993) . Al contents span a range of 0Á04^0Á22 c.p.f.u., with the highest Al values found in the lherzolites (see Electronic Appendix 1). No differences in Al content or X Mg are apparent between samples from the northern and southern domains. However, orthopyroxene in amphibole-bearing samples tends to have elevated Al contents, exceeding 0Á13 c.p.f.u. (Fig. 5a ). Ca contents range from 0Á01 to 0Á06 c.p.f.u. The highest Ca contents in orthopyroxene occur in three northern domain xenoliths, two lherzolites from Montboissier (Mb1, Mb4) and one harzburgite from Le Cheix (11-1). Major and minor element compositions of orthopyroxene are provided in Electronic Appendix 1.
Clinopyroxene
Clinopyroxenes are Al-rich chromian diopsides with Mg/ (Mg þ Fe), X Mg ¼ 0Á88^0Á94. Cr contents range from 0Á02 to 0Á05 c.p.f.u. Clinopyroxene in samples from the southern domain often have Al contents 40Á2 c.p.f.u., whereas the Al content of northern domain clinopyroxenes is mostly 
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*Fe 3þ measured with secondary standards. yMicroprobe data from Werling (1994) . zMicroprobe data from Zangana (1995 50Á2 c.p.f.u. (Fig. 5b) . This may be due to the fact that the northern domain suite includes a higher proportion of harzburgites compared with the southern domain suite. Clinopyroxene from the northern domain is characterized by a high Mg content and low Na and Ti concentrations ( Fig. 5b and c ; see also Downes et al., 2003) . Major and minor element compositions of clinopyroxene are provided in Supplementary Data Electronic Appendix 1.
Amphibole
Minor amphibole occurs in a limited number of samples (Table 2) . It is homogeneous within a given sample and is Ca-and Mg-rich, and can be classified as pargasite or magnesiohastingsite following International Mineralogical Association nomenclature (Leake et al., 1997 ) ranging from 0Á06 to 0Á59 and from 0Á66 to 0Á88, respectively ( Fig. 6; Table 1 ). These two parameters are negatively correlated with each other, as is generally the case for suites of mantle peridotites (e.g. Fabrie' s, 1979; Woodland et al., 1992 Woodland et al., , 2006 . However, the harzburgites from the northern domain exhibit some of the highest Fe 3þ contents (Fig. 8) , indicating that they have experienced some geochemical process subsequent to the last melting event.
T H E R M O M E T RY
The two-pyroxene thermometer (T BKN ) of Brey & Ko« hler (1990) was used to determine equilibration temperatures, at an assumed pressure of 1Á5 GPa. This thermometer was chosen because it is insensitive to the presence of Fe 3þ in clinopyroxene and orthopyroxene (e.g. Matjuschkin et al., 2014) . Therefore, we have used measured FeO tot to calculate temperatures. Our temperatures are based upon compositions obtained from the interiors of grains, which were homogeneous within a given grain. Differences in temperature calculated from core and rim compositions are generally minor and such differences have little to no impact on the results of our oxygen barometric computations (see below).
Calculated temperatures vary between 700 and $12008C, with most samples lying between 850 and 9508C (Table 2 ). This range is similar to that reported for a suite of xenoliths from the Massif Central by Werling (1994) and . *Locality abbreviations are as in Fig. 1 . P, pyroclastic; B, basalt; H, harzburgitic sp-peridotite; L, lherzolitic sp-peridotite; A, amphibole-bearing peridotite; W, wehrlitic sp-peridotite; C, composite; pr, protogranular; p, porphyroclastic; cpr, complex protogranular; cp, complex porphyroclastic; e, equigranular.
OX YG E N B A RO M E T RY
For spinel peridotites, fO 2 can be estimated by considering the equilibrium Wood,1991) . To minimize the effects of uncertainties in equilibration temperature and pressure, the fO 2 estimates are referenced to the fayalite^magnetite^quartz (FMQ) buffer and are reported in terms of Álog fO 2 (see Wood, 1991) . The consequence is that an uncertainty in temperature of 1008C and in pressure of 3 kbar translates to a difference in calculated fO 2 of only 0Á15 and 0Á09 log units, respectively. Referencing fO 2 values to FMQ also means that results from samples equilibrated under varying P^T conditions can be meaningfully compared. Collectively, the uncertainties from pressure, temperature and measurement of Fe 3þ in spinel yield an overall uncertainty of AE0Á2^0Á3 log units in Álog fO 2 . This is somewhat smaller than that reported in previous studies (Woodland et al., 1992 (Woodland et al., , 2006 and is due to the fact that the spinels in our sample set were found to have high enough Fe 3þ contents that propagating the uncertainty in the Mo« ssbauer measurements (AE0Á01 in Fe 3þ / P Fe) through the calculation produces relatively smaller errors. The subset of samples for which Fe 3þ in spinel was determined by microprobe using secondary standards (Table 1) has larger uncertainties that are conservatively estimated to be about AE0Á5 log units (Woodland et al., 1992) .
D I S C U S S I O N Variation in fO 2
Variations in fO 2 are often apparent between samples from different localities as well as from a single locality ( Fig. 9a  and b ; Table 2 ). This observation implies that the style of volcanism (e.g. cinder cone, maar deposit or lava flow) has had no perceptible effect on the determined fO 2 values of the xenoliths. In a small number of samples (eight), some compositional heterogeneity is observable between spinel grains (Table 1) . However, these differences were found to have a negligible effect on the calculated Álog fO 2 , with only one sample (54A-1) yielding variations approaching the estimated uncertainties, as described above (Table 2) . For the entire set of samples from the northern and southern domains, lherzolites have Álog fO 2 values between FMQ^0Á47 and FMQ þ1Á66 (Table 2) . Harzburgites exhibit a more restricted range in Álog fO 2 , recording values4FMQ þ 0Á5 (except sample FR10) and with many samples yielding values4 FMQ þ 0Á9 (Table 2, Fig. 9b ). Taken collectively, northern domain samples tend to record higher Álog fO 2 values than those from the southern domain, (Fig. 9a and b) . This seems to be related to the higher proportion of harzburgites in the northern domain suite. The reason why harzburgites from both domains tend to lie at the high end of the Álog fO 2 range must be due to metasomatic processes. Considering that harzburgites are the product of more extensive partial melting than lherzolites, it would be expected that harzburgites might yield relatively lower Álog fO 2 values as greater amounts of Fe 3þ should have been extracted (e.g. . However, Woodland et al. (2006) pointed out that the smaller modal amount of spinel in harzburgites means that the fO 2 of such depleted compositions can be more effectively reset by metasomatic activity compared with that of lherzolites. Our new data from the Massif Central support this contention. Thus, in addition to the northern domain being characterized by more depleted bulk compositions (Lenoir et al., 2000b) , it is also generally more oxidized than the southern domain, even considering the uncertainties in calculated fO 2 . It is noteworthy that samples from Fraisse (Fr in Fig. 9b, Table 2 ), which record some of the lowest Álog fO 2 values (but are still 4FMQ) in the northern domain, are also from the oldest locality investigated in our study (20 Ma, Fig. 2 ; Lenoir et al., 2000a) .
Lherzolites of the southern domain also reveal a subtle gradient in fO 2 from south to north. Samples from the southernmost volcanic fields of Aubrac and Coiron record Álog fO 2 values mostly at the low end of the observed range, with seven out of 10 samples yielding values near FMQ (Fig. 9a, Table 2 ). For our limited number of samples from Cantal, which overlap in eruption age with the Coiron and Aubrac fields (Fig. 2) , two of three samples record distinctly higher Álog fO 2 values of FMQ þ1 AE0Á1. Samples from the younger Deve' s and Vivarais volcanic fields exhibit more variability in Álog fO 2 values, not only between localities but also within a single locality (Fig. 9a) .
The texture^fO 2 systematics differ between the northern and southern domains. In the north, protogranular harzburgites and lherzolites exhibit higher Álog fO 2 values than those with porphyroclastic textures (4 FMQ þ1Á0 compared with $ FMQ þ 0Á5; Fig. 10 ). Thus, it appears that Álog fO 2 values decrease with increasing degree of deformation. The small subset of samples with 'complex' recrystallized textures (Mercier & Nicolas, 1975 ) all tend to record higher Álog fO 2 values than those with porphyroclastic textures. However, it is not clear what the timing of this recrystallization process was relative to either any metasomatic overprinting event or the resetting of oxidation state.
In contrast, southern domain harzburgites and lherzolites exhibit a large variation in Álog fO 2 from FMQ^0Á47 to FMQ þ1Á6 with no particular relationship to textural type (Fig. 10) . This is exemplified by samples from Ray Pic (Table 2) . However, at Mont Coupet, where we also have a reasonable number of samples, the behavior is similar to that observed in the northern domain. Thus, certain localized portions of the southern domain mantle appear to possess some relation between texture and fO 2 , but this appears to be the exception rather than the rule.
The observed range in equilibrium temperatures obtained from our suite of xenoliths, particularly those from the same volcanic center, serves as an indicator that the rising basaltic magma has sampled the lithospheric mantle at different depths whilst en route to the surface. This is consistent with the conclusions of the extensive thermobarometric study of , who suggested that the volcanism sampled the lithospheric mantle from the Moho, lying at 28^30 km , to a depth of $70 km. Thus, our dataset reflects not only spatial variations in fO 2 across the Massif Central, but also the conditions over a limited depth range, within the stability field of spinel peridotite. Unfortunately, the well-known difficulty in determining equilibration pressures for spinel peridotites compromises a detailed evaluation depth^fO 2 systematics. However, we can use increasing temperature as a rough proxy for increasing depth. In the northern domain there is a tendency for samples with equilibrium temperatures 59008C to record higher Álog fO 2 values (! FMQ þ1, Fig. 11a ). This would imply somewhat more oxidizing conditions in the shallowest part of the upper mantle. In the southern domain no such correlation is apparent (Fig. 11b) . Comparison JOURNAL OF PETROLOGY VOLUME 55 NUMBER 12 DECEMBER 2014 between Fig. 11a and b provides further evidence for the northern and southern domains of the lithospheric mantle having experienced different geological histories.
Influence of metasomatism on fO 2
Mantle xenoliths from the Massif Central generally exhibit evidence for having been metasomatically overprinted to various degrees, in addition to having experienced at least one partial melting event (e.g. Lenoir et al., 2000b; Downes et al., 2003; Wittig et al., 2007) . Modal metasomatism, as reflected by the occurrence of disseminated secondary amphibole, is evident in some lherzolites from the southern domain volcanic fields of Deve' s, Velay and Vivarais (Table 2 ). The Álog fO 2 values of these samples cluster around FMQ þ 0Á6 AE 0Á3, but with some samples having lower values (Fig. 10 ). Although this is at the high end of the range for non-cratonic SCLM (e.g. Foley, 2011) , the amphibole-bearing samples are not the most oxidized samples in our suite. In fact, at a given locality, there is essentially no difference in the range of Álog fO 2 values between amphibole-bearing and amphibole-free samples. Ionov & Wood (1992) observed the same behavior for peridotite xenoliths from central Asia. Thus, although it is likely that the amphibole-forming process has induced changes in fO 2 (e.g. Woodland et al., 1992) , it appears that the presence of amphibole alone is not a direct indicator that the metasomatizing agent was strongly oxidizing. From their study of xenoliths from Marais de Limagne, Fig. 9 . Continued. Fig. 10 . The fO 2 ranges for amphibole-free and amphibole-bearing harzburgites and lherzolites from the northern and southern domains as a function of texture (abbreviations as in Table 1 ). JOURNAL OF PETROLOGY VOLUME 55 NUMBER 12 DECEMBER 2014 Touron et al. (2008) suggested that the modal content of amphibole increases with the degree of deformation. However, our amphibole-bearing samples do not exhibit such a relationship, as the minor amounts present ( 2%) occur independently of textural type, even from a single locality ( Fig. 10 ; Table 2 ). The amphiboles reported by Touron et al. (2008) have rather low Ti contents (0Á4^1Á6 wt %), similar to or even lower than that found in our samples (see above). Thus, there is no evidence for an Fe^Ti-type metasomatism (Menzies & Hawkesworth, 1987) having occurred beneath the Massif Central. Another type of modal metasomatism is represented by two samples from Ray Pic, a wehrlite (RP 87-7) and a composite xenolith (RP91-18) containing clinopyroxene-rich patches (Zangana et al., 1997) . Both of these samples record Álog fO 2 values4FMQ þ1 ( Table 2 ), indicating that this type of modal metasomatism is more oxidizing than that related to amphibole formation. Green clinopyroxene also occurs in veins with sharp contacts in samples RP 83-71 and RP 87-6 (Zangana et al., 1999) . The Álog fO 2 value of the former also lies well above FMQ þ1, but the value for RP 87-6 of FMQ þ 0Á6 is distinctly lower ( Table 2 ). The reason for this marked difference is not clear.
Cryptic metasomatic enrichment of LREE and other highly incompatible elements has been identified in xenoliths from both domains (Zangana et al., 1997; Lenoir et al., 2000b; Downes et al., 2003) . In the northern domain, trace element signatures include negative normalized anomalies in Zr, Hf, Nb and Ta, which led both Lenoir et al. (2000b) and Downes et al. (2003) to conclude that the metasomatic agent was a carbonate melt. However, in their study of peridotite xenoliths from eastern Oman, Gre¤ goire et al. (2009) interpreted similar geochemical signatures to reflect metasomatism by a migrating CO 2 -rich alkaline mafic silicate melt. The nature of the metasomatizing agent(s) (i.e. carbonate vs silicate melt) will be discussed in a companion publication in which we present trace element compositions of coexisting clinopyroxenes from our sample suite (Uenver-Thiele et al., in preparation). Here we provide a short discussion of how cryptic metasomatism may have affected the oxidation state of the SCLM. Equilibrium fO 2 values have been determined for nine samples from the study of Downes et al. (2003) and are given in Table 2 . Clinopyroxene in four samples from Montboissier (MB), two lherzolites and two harzburgites, exhibits different degrees of LREE enrichment and all samples have Álog fO 2 values ! FMQ þ1Á0 (Fig. 12) . In fact, samples with stronger LREE enrichment systematically exhibit higher Álog fO 2 values, even if these values overlap somewhat when uncertainties are considered. This suggests that the metasomatic agent must have been strongly oxidizing and that even relatively small degrees of peridotite^'melt' interaction can reset the oxidation state. Owing to the thermodynamics of spinel and equilibrium (1), changing the fO 2 of peridotite is not a linear process, however. In their modeling of the oxidation of peridotite, Woodland et al. (2006) demonstrated that, at Álog fO 2 values above $FMQ, progressively more and more Fe 3þ must be incorporated in spinel to produce even small increases in fO 2 . Thus, for the samples from Montboissier, a shift in Álog fO 2 from FMQ þ1Á0 to FMQ þ1Á4 (i.e. samples MB4 and MB57 in Fig. 12 ) implies a significant addition of Fe 3þ or conversion of Fe 2þ to Fe 3þ during metasomatic interaction, and that the metasomatizing agent must have had an oxidation state appreciably higher than that of the ambient SCLM (this is also directly reflected in the Fe 3þ / P Fe of spinel in these samples). In this context, the pre-metasomatic Álog fO 2 of the, at the time geochemically depleted, Montboissier peridotites (Lenoir et al., 2000b) , was probably much lower, potentially similar to that recorded by abyssal peridotites ($FMQ^1Á0, .
In contrast to the Montboissier xenoliths, clinopyroxene in samples FR10 and FR11 has a distinctly different REE signature ( Fig. 12 ; Downes et al., 2003) . Comparison of FR10 and FR11 indicates that stronger LREE enrichment also correlates with increasing fO 2 , but that the metasomatic agent was not as highly oxidative as in the MB samples. This implies that the FR samples interacted with a different type of metasomatic agent.
In the southern domain, xenoliths from Ray Pic (RP) have undergone various degrees of LREE enrichment, as revealed by (Ce/Yb) N in clinopyroxene exceeding values of 0Á5 (Zangana et al., 1997) . We have determined the equilibrium fO 2 for 17 of the samples of Zangana et al. and these data are plotted in Fig. 13 as a function of (Ce/Yb) N . The samples with elevated (Ce/Yb) N form two groups in terms of fO 2 , one with Álog fO 2 values4FMQ þ1 and one having values around FMQ þ 0Á5. The six samples with Álog fO 2 values4FMQ þ1 are either harzburgites or those that have experienced modal addition of clinopyroxene (Fig. 13) . The less oxidized group is primarily composed (but not uniquely) of lherzolites and is characterized by equilibration temperatures 49808C ( Table 2) , suggesting that these xenoliths may originate from a somewhat deeper level (see discussion above). The wehrlite (RP87-7) also records a high temperature, but this may be due to local heating during extensive peridotite^'melt' interaction. The fact that the Álog fO 2 values of the two groups remain relatively constant with increasing (Ce/ Yb) N suggests that the oxidation state was reset by even small degrees of peridotite^'melt' interaction. This is consistent with our observations at Montboissier described above. Thus, metasomatic processes causing variable degrees of LREE enrichment seem to have imposed somewhat different oxidation states at different levels in the SCLM beneath Ray Pic. Whether or not the same metasomatizing agent was involved at these different depths remains an open question, which will require further geochemical data to answer.
Oxidation state of the SCLM
Numerous studies have demonstrated that the Earth's upper mantle does not have a homogeneous oxidation state and that it can vary by many orders of magnitude at various scales (e.g. Ballhaus & Frost, 1994; Woodland et al., 2006; Frost & McCammon, 2008; Foley, 2011) . In his compilation of literature data for noncratonic SCLM, Foley (2011) gave a range of over 5 log units in fO 2 with an average value of Álog fO 2 ¼ FMQ0 Á68 (Fig. 14) . This range reflects the superimposed effects of partial melting events and various types and degrees of metasomatic overprinting that the SCLM peridotites have experienced. Our investigation of the SCLM beneath the Massif Central confirms that oxidation state varies both spatially and with depth. However, our Álog fO 2 values lie consistently at the high end of the global distribution, with a much narrower range (Fig. 14) . Thus, although heterogeneities in oxidation state exist at different scales (Fig. 9 ), there appears to be a general tendency towards oxidation (Álog fO 2 4$FMQ þ 0Á5) coupled with geochemical re-enrichment of the SCLM over time, as migrating melts and fluids progressively interact with the peridotites. The extent of oxidation will also be controlled by the oxygen fugacity of the invading metasomatic agent. The most affected parts of the lithosphere will be Fig. 14 . Histograms illustrating the ranges in Álog fO 2 for (a) a global compilation of non-cratonic lithospheric mantle (Foley, 2011) and (b) Massif Central peridotite xenoliths from this study. Fig. 13 . Variation of (Ce/Yb) N in clinopyroxene vs equilibrium Álog fO 2 for samples from Ray Pic. Trace element data are from Zangana et al. (1997) and have been normalized to C1 chondrite (McDonough & Sun, 1995) . Equilibration temperatures are given for selected samples. A typical error bar is shown for reference. H, harzburgite; M, samples with modal addition of clinopyroxene; no label, lherzolites.
particularly susceptible to partial melting at a later point in time if heat flow increases (e.g. from interaction with a plume or a change in tectonic regime, e.g. rifting). The resulting melts will have particular geochemical signatures, reflecting this earlier history (e.g. Foley, 2008; Shaw & Woodland, 2012) .
C O N C L U D I N G R E M A R K S
Our study demonstrates the utility of using oxidation state to help characterize different domains in the SCLM. Our data reveal a different character between northern and southern domains beneath the Massif Central, consistent with the geochemical differences identified by Lenoir et al. (2000b) , Downes et al. (2003) and Wittig et al. (2007) . Although the northern domain is generally more refractory in bulk composition than the southern domain (Lenoir et al., 2000b) , it tends to record more oxidized conditions. This is in part due to the fact that such harzburgitic compositions are more sensitive to resetting of their oxidation state than lherzolites. For the most part, the lack of a clear-cut relationship between fO 2 and texture is a reflection of subsequent metasomatic processes that have overprinted the SCLM beneath the Massif Central. Although rock texture should be expected to have an influence on the style and intensity of metasomatic interactions and thus fO 2 , any systematic relationship is most likely to be observable at a local rather than a regional scale.
Considering increasing equilibration temperatures among xenoliths to reflect increasing depths of origin, samples from the northern domain suggest that the shallower part of the SCLM is somewhat more oxidized than that at deeper levels. On the other hand, such a general observation cannot be made for the southern domain, although it may hold true at a local scale.
Metasomatic processes can clearly influence oxidation state, with a tendency to increase Álog fO 2 values compared with 'normal' non-cratonic SCLM (Fig. 14) . In terms of modally metasomatized xenoliths, the 'melt' leading to the addition of clinopyroxene apparently had a higher oxidation state (Álog fO 2 4FMQ þ1) than the agent responsible for crystallization of amphibole (Álog fO 2 $ FMQ þ 0Á6). Cryptic metasomatism can also reset oxidation state, sometimes very effectively if harzburgitic compositions are involved. It is important to note that metasomatizing agents do not have an infinite capacity to cause oxidation and that different compositions of invading 'melts' are expected to possess different oxidation states. On the other hand, metasomatic processes are no doubt the reason why our xenolith suite from the Massif Central records relatively high Álog fO 2 values compared with the Foley (2011) global compilation of oxidation state for non-cratonic SCLM. Thus, data on oxidation state can provide further constraints on geochemical processes operating in the SCLM at various length scales from regional to local.
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